Introduction
Basal stem rot (BSR) of oil palm, caused by species of Ganoderma, has been recognized as a serious disease of oil palms for many years, causing severe economic losses during the past 10-20 years and continues to do so. Current control procedures are based on the assumption that infection occurs by mycelial spread from root to root and that the removal of stumps and large pieces of debris will eliminate residual inoculum from the field of the next crop. Although clean-clearing practices generally result in lower disease incidence in replanted oil palm by comparison with other replanting techniques, disease incidence may still be unacceptably high. Doubts have been raised regarding the efficiency of this approach, with evidence from a number of oil-palm estates suggesting that infection can still become established progressively earlier with each planting cycle, even after clean clearing. Furthermore, although legume cover crops may accelerate the decay of oil-palm debris, reports have also suggested that they may encourage the development of Ganoderma (Dharmaputra et al., 1994) . However, Hasan and Turner (1994) have reported that subsequent infection decreases with increased clearing depth, implying that clean clearing may frequently not be sufficiently thorough in practice.
Chemical control has not been effective and long lasting, even though in vitro screening has identified several chemicals that are effective against Ganoderma (Hashim, 1990; Teh, 1996) . Numerous studies attempting to control BSR in the field by the use of systemic fungicides have been unsuccessful (Loh, 1976; Jollands, 1983) . The effective use of chemical control for treatment of Ganoderma-infected palms is limited by the fact that both visibly infected and subclinical palms may harbour established infections by the time treatment is applied. Additional difficulties may occur in the effective placement of fungicides, as lesions are frequently very large in size. As lesions are most commonly found at the stem base, high-pressure injection of fungicides frequently results in the passage of the chemical straight into the soil. However, recent preliminary results on trunk injection of fungicides into BSR-infected oil palms have indicated that Triadimenol (a systemic fungicide) may increase their economic life span, with treated palms remaining alive 52 months after the original BSR diagnosis (Chung, 1991) . Further evaluation of pressure injection of fungicides by Ariffin (1994) indicated that systemic fungicides (Tridemorph and Dazomet) also limited the spread of infection and he further concluded that the chemical moved systemically downwards into the roots when injected into plants.
Alternative control methods for the future may lie in the biological management of the disease. For example, trunk tissues, when they are windrowed as part of the replanting technique in particular, support the rapid development of many fungi other than Ganoderma. A much greater diversity of fungi non-pathogenic to oil palm occur on poisoned windrowed tissues and, together with their more rapid and prolific development than on unpoisoned tissues, a possible biological control approach to the disease is indicated through the competitive saprophytic ability of non-pathogenic fungi to displace Ganoderma in composting tissues. However, under normal field conditions these fungi seem unable to displace the pathogen and Ganoderma continues to colonize old tissues, which become BSR sources for the new planting. If the natural order of the succession could be manipulated, or the volume of particular competitors changed so as to minimize the pathogen's opportunity for colonization, then the potential BSR hazard for new plantings would be greatly reduced.
However, observations of the low incidence of disease due to Ganoderma species in natural stands in the forest although the pathogen is present, would suggest that disease is kept under control by some biological means. A study of soil microflora of jungle and plantation habitats showed significant changes in quantitative and qualitative aspects of the microflora from these two habitats (Varghese, 1972) . The changes were most striking in the humus-stained upper horizon, where Aspergillus dominated the mycoflora of the forest, but this layer was completely disrupted in the plantation habitat. Along with this, a lowering of the antibiotic potential of the soil could be expected which would be to the advantage of root pathogenic fungi (Varghese, 1972) . Therefore any new approach to natural or biological control of Ganoderma should take into consideration the role of antagonistic microflora.
Enumeration of the microbial population from the oil-palm rhizospheres and on the sporophores has also indicated great diversity of non-pathogenic fungi in these habitats, which again points to the possibility of biological management of Ganoderma. Species of Trichoderma, Penicillium and Aspergillus make up more than 30% of the total populations of fungi (cfu) recovered, and in some areas there was a positive correlation between percentage of BSR incidence and frequency of isolations of the non-pathogenic fungi (Table 7 .1). These observations were not consistent for all the areas surveyed, suggesting that soil and environmental factors exert some influence on the survival and proliferation of microorganisms in the oil-palm rhizospheres, and the recovery of antagonistic Trichoderma was only in the range of 10 3 cfu g −1 dried soil, which is too low relative to the total root mass of a palm. Laboratory screening of these non-pathogenic fungi, based on dual culture, colony degradation, competition, antibiosis and mycoparasitism tests, showed that isolates of Trichoderma were highly antagonistic to Ganoderma, followed by isolates of Penicillium and Aspergillus. The mean percentage inhibition of radial growth of Ganoderma mycelium in dual-culture plating for Trichoderma, Penicillium and Aspergillus was 48%, 28% and 21%, respectively, as compared to controls. Dominant species of Trichoderma were T. harzianum, T. hamatum, T. longibrachiatum, T. koningii, T. viride and T. virens (Zakaria, 1989) , with T. harzianum exhibiting the highest antagonistic activity against Ganoderma. The mechanism of antagonism was through competition and mycoparasitism, which implies that early establishment of the antagonists in the plant rhizosphere and roots of the palms may be crucial to produce the expected effect.
Similar observations on in vitro inhibition by a range of microorganisms from the oil-palm rhizosphere and others, such as Trichoderma (Shukla and Uniyal, 1989; Anselmi et al., 1992) , Aspergillus (Shukla and Uniyal, 1989) and Penicillium (Dharmaputra et al., 1989) , have been reported. In spite of this, there have been no reports as yet of effective biological control in infected field palms, nor of attempts to inject healthy palms with an antagonist to aid with their resistance to the pathogen. The incorporation of Trichoderma, grown on dried palm-oil mill effluent (POME), into planting holes was evaluated as a prophylactic measure (Singh, 1991) , but doubts over the survival of this organism in clay soils were raised.
Preliminary observations on the distribution of the antagonistic fungi within the palm rhizospheres, in vitro antagonistic potential against Ganoderma, rhizosphere competency of the antagonists, and the delivery system have raised many unanswered questions about the potential of biological management of Ganoderma, but to study the single or combined effects of the antagonistic fungi on BSR infection is next to impossible in the field. This is further complicated by the difficulty in identification and selection of uniform disease plots, due to the slow progress of the disease and the lack of understanding of the infection process and spread of the disease in the field. Therefore, a system of artificial inoculation of seedlings was developed (Teh, 1996) in which the inoculum and extent of infection could be relatively quantified on seedlings, to allow testing of potential control measures in a short period under manageable and semi-controlled conditions.
Effect of Soil Amendments on the Control of Ganoderma on Oil-palm Seedlings
Ganoderma is probably not a very aggressive pathogen. The general belief has been that heavily colonized debris acts as the inoculum source, and that wounded roots and weakened palms facilitate penetration. This suggests that the fungus may be, at best, weakly pathogenic to healthy palms. Calcium is the main macronutrient reported to strengthen the cell wall and increase membrane permeability of plant tissues, thus further enhancing resistance to a number of fungi, including Pythium, Sclerotium, Botrytis and Fusarium (Muchovej et al., 1980; Spiegel et al., 1987) . Also, supplementation of the soil with calcium was shown to enhance the population of soil microflora (Kommedahl and Windels, 1981) where antagonistic fungi, including Trichoderma, Penicillium and Aspergillus, compete for space and nutrition. Thus, Sariah et al. (1996) evaluated calcium nitrate (Norsk Hydro, field grade containing 15% N, 19% Ca) as a prophylactic measure against BSR, due to the soil-borne nature of the pathogen and slow establishment of the pathogen in the host's tissues.
The treatments were as follows: Calcium applications were continued at monthly intervals over a period of 6 months, whereas the antagonistic fungus was applied only once, a day after inoculation. In addition to the above supplementations, all seedlings were fertilized with urea, and watering was done daily. The incidence of BSR was assessed based on foliar symptoms at monthly intervals. 
where a is the number of desiccated leaves, b is the number of chlorotic leaves, c is the total number of leaves and where the numerical value of 1 represents the index for desiccated leaves and 0.5 for chlorotic leaves. At the end of the experiment, the bole was cut longitudinally for assessment of percentage infection of bole tissues, expressed as (d/e) × 100, where d is the lesion length (mean of two measurements) and e is the bole diameter. The number of lesioned roots and production of sporophores were also noted (Teh, 1996; Teh and Sariah, 1999) . Confirmation of the disease and causal pathogen was made by plating infected tissues on Ganoderma-selective medium (GSM) (Ariffin and Seman, 1991) .
Based on foliar symptoms, and root and bole infection, the incidence of BSR in pot-grown oil palms was suppressed significantly when seedlings were grown in soils supplemented with calcium nitrate 1 month prior to inoculation with Ganoderma-infected rubber-wood blocks as the inoculum source (Fig.  7 .1a-c); augmentation with Trichoderma 1 day before inoculation did not significally reduce BSR. The number of fruiting bodies was also reduced. In addition, cell walls of calcium-supplemented seedlings were observed to have well-developed lamellae, due to formation of calcium pectate, which could stabilize the cell walls and resist degradation by cell-wall-degrading enzymes of the pathogen. Also, the populations of soil fungi (cfu) were significantly higher in calcium-supplemented soil as compared to calcium-deficient soil (Table  7. 2), but augmentation with Trichoderma alone did not have a significant effect on the fungal populations in the soil. Thus, the role of calcium in reducing BSR incidence is hypothesized as that of stabilizing and strengthening the cell walls of the oil-palm seedlings and stimulating the proliferation of antagonistic fungi that will compete for space and nutrients. Calcium nitrate fertilization in this study did not have any adverse effects on the vegetative growth of the seedlings over the duration of the experiment, but, for continued application, the possible interactions with the current agronomic practices of oil-palm growing have to be studied, because calcium nitrate also contributes to the available nitrogen.
Soil augmentation with Trichoderma 1 day after inoculation did not control the incidence of BSR significantly. This treatment gave the highest percentage of disease severity 6 months after the start of the experiment. This could be due to the low recovery of Trichoderma from the plant rhizospheres with time of inoculation, suggesting that the antagonistic fungus could not sustain its population in the soil in the absence of a food base. Low rates of recovery of Trichoderma spp. have been reported (Sariah et al., 1998) . Trichoderma spp. survive better under conditions of high carbon and nitrogen, and therefore the possibility of introducing organic amendments with Trichoderma inoculants to the oil-palm rhizospheres requires consideration to create environmental conditions in the soil which would favour antagonistic mycoflora proliferation and distribution.
The benefits of the use of organic amendments in mitigating the deleterious effects of pathogenic soil fungi are well documented. Drenching with drazoxolon increased rhizosphere mycoflora, especially Trichoderma species, when the chemical was applied in combination with fertilizers (Varghese et al., 1975) . Following this, the possibility of chemically assisted biological control 94 M. Sariah and H. Zakaria of Ganoderma on tea and oil palm (Varghese et al., 1975) and on rubber were investigated (Zakaria, 1989) in Malaysia.
In Sumatra the possibility of neutralizing potential infection foci biologically in oil-palm plantations with soil additives that might stimulate microorganisms antagonistic to Ganoderma, especially Trichoderma spp. was investigated (Hasan and Turner, 1994) . At the end of the experiment the incidence of seedling infection did not differ from the unamended controls, but delays in infection were observed at the start of the trial. This was most marked during the first 12 months after planting. Vigorous seedling growth in response to the application of POME, even after removing the top 60 cm of soil, apparently delayed the appearance of disease symptoms.
Other studies in Sumatra revealed that integration of 750 g per palm year −1 of sulphur powder, Calepogonium caeruleum and spontaneous soft weeds as cover crops, and tridemorph fungicide at a concentration of 2500 p.p.m. per palm year −1 for 5 years also showed a reduction in incidence of BSR .
Similarly, soil augmentation with T. harzianum, the fungus antagonistic to Ganoderma lucidum, applied with green leaves, neem cake and farmyard manure + Bordeaux mixture were effective for the management of BSR of mature coconuts in India, and all treatments recorded significantly higher nut yield than the control (Bhaskaran, 1994) . The Trichoderma population was high in all treatments using organic manures when compared to control, but neem cake and farmyard manure sustained the highest population levels. Studies of population dynamics revealed that the population increased up to the fourth month and then decreased drastically although the population remained much higher than control soil, even 1 year after treatment.
In a continued search for a self-sustaining method for managing Ganoderma infection in oil palms, Ho (1998) Means with the same letters are not significantly different at P = 0.05. Table 7 .2. Mean total population of soil fungi in the oil-palm rhizosphere, 6 months after treatment.
attack, but he noticed that the VAM treatment increased cumulative yield when administered during the early stage of infection.
As there is no shortage of such amendments in the Malaysian plantation environment, and coupled with the fact that chemicals or microbial amendments alone were not practical and cost effective in the field situation, their combined use was investigated in the glasshouse using 4-month-old seedlings inoculated with Ganoderma-infected rubber-wood blocks. With this method of inoculation, 100% infection was obtained within 4 weeks after inoculation and for each infected plant, more than one-third of the bole tissues were infected. Sixteen treatments, singly and in combination, were being evaluated: mycorrhiza (Draz-M), T. harzianum air-dried preparation (10 8 cfu g −1 ), CaNO 3 (Norsk Hydro; 15% N and 19% soluble Ca) and organic matter (POME) as the soil amendments (Table 7. 3). Each treatment was replicated 16 times, with a single seedling per replication, arranged and analysed using completely randomized design. Parameters chosen for the above assessment were foliar symptoms, and root and bole infections, as described earlier.
Based on regression analysis (R 2 ) foliar symptoms exhibited a significant relationship with the number of lesioned roots and bole infection at R 2 = 57% and 51%, respectively. Likewise, the higher the percentage of lesioned roots, Values with the same letters within the same column are not significant at P = 0.05 (DMRT). M, Draz-M; T, T. harzianum; OM, organic matter; Ca, CaNO 3 ; Cont, control. the greater was the degree of bole infection (R 2 = 98%). Soil augmentation with organic matter (OM), the air-dried preparation of Trichoderma (T) or mycorrhiza (M), singly and two-way combinations of M + T and M + OM, significantly affected the degree of disease incidence, as shown in the percentage of foliar symptoms, lesioned roots or infection of the bole tissues (Table  7. 3). Typical lesions and rotting of infected roots were observed and white mycelium was abundant on the surface of the roots. Plating of the diseased tissues and apparently healthy bole tissues on GSM confirmed the presence of the causal pathogen. Addition of calcium nitrate (Ca) at 15 g per seedling, together with Draz-M (M) or POME (OM) reduced the symptom expression further. The progress of the disease was slow and no sporophores were produced. The control treatment and seedlings supplemented with Trichoderma alone recorded the highest disease severity. Soil amendments consisting of the air-dried preparation of Trichoderma (T) and calcium (Ca) or POME (OM), with or without Draz-M (M), gave a positive control of BSR, at least for the period of the experiment. Few foliar symptoms were observed, and this was supported by the absence of lesioned roots or infection of the bole tissues. Random plating of the roots or tissues from the bole did not produce Ganoderma colonies on GSM, which suggested that the pathogen was not present in these tissues.
Biological control of root-disease pathogens by enhanced activity of antagonistic and saprophytic components of soil mycoflora has been suggested in many disease situations, but experimental evidence of the actual mode and method of operation of this type of control, especially with respect to tropical pathogens, has been scarce. The complexity of the various factors involved, the time and effort required to understand their interaction and, finally, to manipulate suitable changes in the soil environment were not encouraging for greater utilization of biological control. However, it is evident from the results presented here that control of Ganoderma in plantation crops can be implemented by assisted stimulation of antagonistic and saprophytic components of the soil microflora through the use of inorganic and organic amendments. Following the success of the pot trial, a field trial on the the use of soil amendments for the control of BSR is currently in progress.
